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The Proton Spin Puzzle and Orbital Angular Momentum

66
In its simplest form, the proton spin puzzle is the effort to decompose the proton's total spin into its compo-67 nent parts experiments at RHIC are currently measuring W -production with polarized proton beams to determine the 88 antiquark helicity PDFs ∆ū(x) and ∆d(x) with new precision.
89
Over the past decade, attention has shifted to two new classes of parton distribution functions that offer a 90 richer description of the proton's interior than q(x) and ∆q(x). These are the TMDs (Transverse Momentum When parton transverse momentum k T is included -i.e., momentum transverse to that of the s-or t-channel 1T (x, k 2 T ) and the sight, the operator differences depicted in the figure seem absurd: in the Sivers case, for example, how can
where a is a color index. It has three gauge-invariant terms which, in order, represent the quark spin ∆Σ, x[H q (x, ξ,t) + E q (x, ξ,t)]dx .
The actual measurement of these GPDs is an enormous experimental task; it was initiated at HERMES and 137 will be continued with greater precision at Jefferson Laboratory and COMPASS. The Ji decomposition can 138 also be addressed by lattice QCD, which has already been used to "measure" moments of the GPDs under gluons into the definition. This is not the familiar, field-free OAM, x × p, that is addressed by quark models of the proton.
144
The Jaffe decomposition is
It has four gauge-invariant terms, which in order represent the quark spin, quark OAM, gluon spin, and 146 gluon OAM. Here, L q is the field-free, canonical operator x × ∇. The gluon spin and OAM are separated in 147 a gauge-invariant way, and in the infinite-momentum frame, parton distribution functions for the four pieces 148 can be defined. The disadvantage of the Jaffe decomposition is that it is unclear how to measure its L q and 149 L g terms, either in the lab or on the lattice, as they are non-local operators unless one selects a specific gauge
150
(the lightcone gauge, A + = 0).
151
At present, we are thus confronted with one definition of L q that can be measured but not interpreted, and
152
another that can be interpreted but not measured. The "dynamical" OAM, gives as much OAM to the antiquarks as to the quarks. In the previous sections, we have framed the context in which a polarized Drell-Yan experiment would be 214 placed, and described its crucial place in the spin puzzle. We now turn to the specific motivation for this 215 proposal. 
236
Beyond the verification of the TMD framework and the tantalizing access it affords to OAM in the proton, The breakthrough that led to our modern understanding of the E-704 analyzing power occurred many years 
Drell-Yan Dimuon Production
282
The study of the Sivers mechanism in the Drell-Yan process is of particular interest to experimentally ver- try of this process, p ⇑ p → πX, is defined as
where dσ ⇑(⇓) states the differential cross section for the (anti)proton beam transversely polarized upwards
297
(downwards) w.r.t. the production plane. In the center-of-mass frame, a non-vanishing single-spin asymme- 
Here, only partial cross sections are included where the polarization component S T (S L ) of the beam is 314 transverse (longitudinal) to the direction of the virtual photon. The structure functions F(P b · q, P t · q, q · q) 315 depend on three independent Lorentz scalars calculated from the beam, target and virtual photon momenta given in a superscript. The Sivers mechanism manifests itself in a sin φ b 1 + cos 2 θ modulation in the cross 319 section.
320
For small transverse momentum of the virtual photon, q T q, the process-dependent structure functions 
Here, the convolution over the intrinsic transverse momenta 
where the structure function F 1 UU can be interpreted as convolution in transverse momentum space of the 334 polarization averaged PDF for quarks and for antiquarks. 
Event rates and projected statistical precision
In this section, we present the estimation of the luminosity at the Main Injector with a 120 GeV polarized 344 proton beam, the expected Drell-Yan event rates, and the statistical precision that can be achieved in a Injector.
350
The expected instantaneous luminosity, L, on a fixed target can be expressed as
where N p is the number of protons/cm 2 , and I is the beam current, in number of protons/s. For the liquid 352 hydrogen target (LH 2 ) used in E-906/SeaQuest, with its density ρ = 0.0678 g/cm 3 and length l = 50.8 cm The Drell-Yan event rate per day is estimated according to the expression
where N DY is the number of Drell-Yan events estimated from the Monte Carlo simulation and ε exp is the 367 experimental efficiency which includes the spectrometer as well as the accelerator efficiency. The experi-368 mental efficiency is estimated to be 0.5 based on the performance of E-906/SeaQuest. In the Monte Carlo 369 simulation, R is estimated using a luminosity of 2.0 × 10 35 /cm 2 /s as well as the spill information, various 370 efficiencies and the spectrometer acceptance listed in Table 2 . The expected number of Drell-Yan events as 371 a function of x f are shown in Table 3 for the dimuon mass range of 4.2 < M < 8.5 GeV, assuming 3.2 × 10 18 372 protons on target. 
Using the SSA prediction by Anselmino for A TU , the polarization-dependent cross section can be estimated 382 for the generated events: If a random number ρ (ρ ∈ [0; 1]) does (not) fulfill the condition
then beam spin orientation "⇑" ("⇓") is assigned. This method allows for a simulation of the Sivers analysis 384 at the proposed, polarized Drell-Yan experiment, as shown in Fig. 7 and Table 3 . 
Comparison to Competition
386
There are plans for a wide variety of experiments around the globe that aim to measure polarized Drell-Yan 387 either with a polarized beam or a polarized target (see Table 4 ). COMPASS at CERN, Panda at GSI, and an Table 3 : Expected number of Drell-Yan events, N DY , for each x f bin considered. The statistical precision for the measured asymmetries, δA, for invariant mass region 4.2 < M < 8.5 GeV is also shown. The total number of protons on target is assumed to be 3.2×10 18 . 
Experimental Apparatus
414
The proposed measurements will make use of the existing SeaQuest Spectrometer located in the NM4 (for- 
426
The basic concept behind the spectrometer is that the first magnet serves triple purpose: it focuses oppositely , u, u
No. Elements
(201)
112 (128) 176 (208) 116 ( bases to enhance their instantaneous rate capabilities. All of these upgrades will be in place before E-472 906/SeaQuest Run II, starting in Spring 2013, well before the measurements proposed here will take place.
473
The overall luminosity normalization is done by calibrating ion chambers in the beam line to a copper foil monitor. With such a device, we estimate that an absolute uncertainty of ±1% can be achieved [61] .
477
For better acceptance in x b we have chosen to run FMag at 75% of full field for this measurement. This The hardware trigger system will utilize the scintillator hodoscope hits to identify events that are likely 483 to be high-mass dimuon pairs. It will be almost identical to the system designed for and used by E- between single-muons, high-mass dimuons, and low-mass dimuons (J/ψ).
490
The hardware for the main trigger electronics will consist of five VME FPGA (Field Programmable Gate 491 Array) modules. Four of these will be used for Level One. One module will be used for each of the follow- 
497
Each of these will output information about the identified tracks to the fifth FPGA module, Level Two. The 
506
All trigger types other than the high-mass opposite-sign dimuon pair will be prescaled such that they do not 507 dominate the recorded data. The single-track and same-sign triggers will allow for calculation of expected 508 random coincidence rates in the opposite-sign triggers due to independent single tracks that appear to be 
515
In addition to the FPGA-based trigger system, there will be a parallel NIM-based trigger system, just as 516 in E-906/SeaQuest. The NIM trigger system will be set up similarly to the FPGA system (separating top 517 from bottom, and bend from non-bend), but it will consider any four-fold coincidence valid, as opposed 518 to requiring specific hit combinations. The NIM-based triggers will measure rates of various coincidence 519 requirements as well as provide an independent check on the FPGA-based trigger.
Polarized Beam at Main Injector
To The study of QCD symmetry and the spin-dependent structure of the proton are very exciting and inter- workspace. We further request that the part of this area currently being used as tape storage by
574
Computing Division be made available to the collaboration.
575
• Continue to supply utilities and network connections to both the upstairs area and NM3/4 Hall area. (e.g. cooling water and power supplies).
578
• Provide appropriate radiation shielding, radiation safety interlocks and handle all aspects of radia-579 tion safety monitoring. We anticipate that there will be no changes which would require shielding 580 modifications.
581
• Provide rigging for installation. We anticipate that this will be a minor request, representing only 582 minor modifications to the spectrometer.
583
• The continued use of the electronics from the PREP equipment pool that is currently assigned to the 584 E-906/SeaQuest experiment.
585
• Data storage space for Monte Carlo and data produced by the experiment. This is anticipated to be 586 approximately the same as the SeaQuest experiment needs, less than 20 TB.
587
In general, these represent a request to Fermilab for continued support at approximately the same 
592
With the spectrometer already existing, the heart of this experiment and our request is the extraction of a Injector is the subject of a separate study which has been submitted to the Fermilab Directorate [45] . At this 602 time, we are requesting scientific, Phase I approval for our experiment. This will allow the collaboration 603 and Fermilab to pursue with DOE the funding necessary to provide such a beam. In the mean time, we 604 further request that
605
• Fermilab make every effort to keep the necessary space available in the MI for Siberian snakes,
606
instrumentation and other equipment needed for the polarization of the MI.
607
At this time, this is the most important request.
608
A Funding Model
609
The measurements we are proposing focus on the nature of QCD by exploring the internal dynamics and while it will be hosted at the premier High Energy Physics laboratory in the United States. We hope to also 614 follow these parallels with a funding model that invests money from both Nuclear Physics and High Energy
615
Physics through Fermilab into this project.
616
The measurements proposed in this experiment will leverage the investment in the SeaQuest spectrometer The collaboration is hopeful that a similar model will work for the proposed measurements. We have 624 already been in contact with both DOE/NP and with the Fermilab directorate about these issues. Both were 625 encouraging, but cautious, in the current funding environment. In addition, there was an indication from 626 both that this project would not be funded by only one entity alone, but required the participation of the 627 other as well -possibly in a model similar to that used by E-906/SeaQuest. In addition, it was clear that
628
Fermilab and DOE/NP were interested in the scientific output from this investment. Once Phase I approval 629 is granted to this measurement, we will be able to better pursue cooperative funding between agencies.
